Mechanisms of carburizing and melting iron in CO atmosphere with carbon activity of unity have been studied at a temperature range of 1 486-1 664 K, i.e. above the eutectic temperature of the Fe-C system. The behavior of melting iron was observed in situ by a confocal scanning laser microscope incorporated with an infrared image furnace. Carburization to g-iron is controlled by the mixed rate-determining step, which consists of the carbon diffusion in g-iron and chemical reaction at the gas-solid interface. The diffusion coefficient of carbon in g-iron was determined from the carbon concentration profiles as follows,
Introduction
To minimize total amount of carbon dioxide emission and total energy consumption in the current iron-and steelmaking industry, more effective operation of the blast furnace has been greatly required. However, since the current conventional process has been already well developed, a further drastic reduction in the energy consumption is difficult. Therefore, an alternative ironmaking process should be proposed based on a novel principle for a new millennium. One of the most cost-effective factors is lowering temperature in ironmaking process. Ironmaking process generally consists of three stages, i.e. a reduction stage of iron ore, carburizing and melting iron stages. To discuss the feasibility of a low-temperature ironmaking process, kinetic study of melting iron by carburization is essentially required at higher temperature than the eutectic temperature of the Fe-C system.
There have been various studies of carburization of solid iron by CO containing atmosphere. [1] [2] [3] [4] [5] [6] [7] Fruehan explained that carburizing reaction in CO-He and CO-H 2 atmosphere is controlled by the formations of the activated complexes (CO) 2 * and (H 2 CO)*, respectively at 1 188 and 1 273 K. 1) Shatynski and Grabke criticized Fruehans' model by the reason that CO molecule cannot be adsorbed on iron surface at high temperature.
2) Kaspersma and Shay explained that carburizing proceeds with a rapid surface dissociation of CO into carbon and oxygen atoms and a subsequent ratedetermining reaction between this atomic oxygen and CO. 3, 4) Ye et al. explained the carburizing mechanism by taking into account of not only surface reaction but also carbon diffusion in iron. 5, 6) Zhang et al. also explained the carburizing mechanism in CO-CO 2 atmosphere by the mixed rate-determining step consisting of the surface reaction and carbon diffusion in iron. 7) However, in these previous studies, no kinetic study has been reported for higher temperatures above the eutectic temperature of the Fe-C system, where iron eventually melts by carburization. Therefore, the mechanism of iron melting by carburization cannot be directly discussed based on the previous studies. Thus, the aim of this study is to understand the mechanism of iron melting by CO gas carburization by in situ observation of the melting behavior above the eutectic temperature.
Experimental

Sample Preparation
Electrolytic iron (99.99 mass%) was used as samples and the chemical composition is presented in Table 1 . Figure 1 shows the iron sample set-up for observation of one-directional carburization. Iron samples were prepared by melting iron in an Al 2 O 3 tube (2 mm ID, 3 mm OD, 2 mm L) in Ar-H 2 atmosphere for 60 s at 1 873 K and solidifying it in the tube. The sample was cut into a cylindrical shape of 0.6-1.5 mm length, and the surface was polished. Iron samples were also prepared by machining iron plate (0.46 mm thickness) into 2 mm diameter with polishing the surface. The samples were subsequently set on Al 2 O 3 stage in Al 2 O 3 tubes (2 mm ID, 3 mm OD, 2 mm L). Since melting behavior differs depending on the shape of sample edge as explained in Sec. 3.1, the edge was covered with ZrO 2 -SiO 2 cement for some experiments to avoid this kind of edge effect on melting, which provides the same condition to discuss the melting mechanism. The prepared iron samples in the Al 2 O 3 tube were set in the center of an alumina crucible (4 mm ID, 3 mm height). To maintain the carbon activity of CO gas unity, small pieces of graphite (99.99 mass%) were placed around the sample. This sample with graphite in the crucible was used for in-situ observation.
In-situ Observation
The behavior of carburization and melting iron was observed in situ by a confocal scanning laser microscope incorporated with an infrared image furnace (ULVAC SINKU-RIKO, INC. MS-LT/E1S) as shown in Fig. 2 . The sample was introduced into the chamber, and then, the chamber was purged with CO gas for 3.6 ks. The sample was subsequently heated to the desired temperatures, 1 486-1 664 K in 60 s and kept for various time periods. The temperature was controlled by using a B-type thermocouple placed at the sample holder as shown Fig. 1 . The temperature of sample surface was calibrated using melting points of Ag, Cu and Ni, which was set at the same position as the iron sample. Some uncertainty in temperature was Ϯ5 K. The experimental conditions are summarized in Table 2 . CO gas was passed through the chamber at various flow rates from 50 to 500 Ncm 3 /min during the course of experiments, which are controlled by a mass flow controller. The sample surface was monitored on TV and recorded on videotape through the experiments. After the experiments, the sample was cooled by turning off the furnace. A vertical cross section was analyzed by electron probe microanalysis (EPMA) and carbon concentration profile was measured. The profiles were measured at three different positions of each sample and the analytical area was 8 mm 2 . On the other hand, the carbon concentrations at surface were determined from fifteen analysis points in the surface area of the radius of 25 mm to avoid the effect of microsegregation. Figure 3 shows typical changes in surface appearance of an iron sample without covering the edge (0.8 mm thickness) with increasing temperature. The time indicated in the figure is taken from the beginning of heating. Scratches caused by polishing were observed on the sample surface at room temperature as shown in Fig. 3a ). Transformation of a-to g-iron was observed at 1 184 K during heating. Grain boundaries of g-iron were observed as shown in Fig. 3b ). The temperature reached at 1 543 K in 60 s. During keeping the sample at 1 543 K, the scratches and the grain boundaries gradually disappeared by surface diffusion as shown in Fig. 3c ). At 1 445 s (24 min 5 s) after attaining at 1 543 K, the iron sample began to melt at the edge as shown in Fig.  3d ). The liquid-solid interface was clearly observed. The interface moved intermittently toward the center of the sample from the edge. Figure 4 shows the start time of melting after reaching the experimental temperature as a function of sample thickness under different flow rates of CO gas. The start time of melting became longer with an increase in sample thickness. However, the start time was independent of the gas flow rate ranging from 200 to 500 Ncm 3 /min. This indicates that the gas supply is not the rate-determining step. To ensure that the gas supply is enough, the experiments were conducted at a flow rate of 300 or 350 Ncm 3 / min. 1 664 K in 60 s. Figure 5a) shows the iron surface before melting, which is at 899 s (14 min 59 s) after attaining 1 664 K. A liquid phase suddenly appeared in the center of the surface in 2 s after the first photograph (Fig. 5a) ) as shown in Fig. 5b ). The average radius of the liquid is 48 mm. In case of samples with the covered edge, the liquid-solid interface gradually spread out from the center of the surface without retaining, and finally, the whole surface was covered with the Fe-C liquid. Thus, the melting behavior is different depending on whether the edge is covered with ZrO 2 -SiO 2 cement. Therefore, the results only for the samples with the covered edge are used for the discussion on the melting mechanism. Figure 6 shows the concentration profiles of carbon in the iron samples (0.46Ϯ0.02 mm thickness) after the in-situ observation experiments carburized for various times at 1 486 K. A profile represents the results obtained from the three different positions of each sample, indicating that the profile is independent of the position. However, the microsegregation of the samples may cause the scatter of profiles due to the relatively small analytical area of 8 mm 2 . The smooth lines present the reproduced results by using the obtained diffusion coefficients of carbon, which is explained in the Sec. 4.2. The broken line expresses the solidus carbon content of g-iron, C S , at 1 486 K. The carbon concentration gradually decreases with the distance from the surface. In addition, the carbon concentration at the surface increases with increasing experimental time. Figure 7 shows the time dependence of carbon concentration at sample surfaces (0.46Ϯ0.02 mm thickness). The carbon concentrations at surface were taken as average values of fifteen analysis points in the surface area of the radius of 25 mm to avoid the effect of the microsegregation. The analytical uncertainty wasϮ0.06 mass% and the error bars are attached to the symbols in the figure. All samples used in Figs. 6 and 7 were covered at the edge with ZrO 2 -SiO 2 cement to avoid the edge effect. Time 0 is the time when the sample temperature reached the experimental temperature. The broken lines express C S at respective experimental temperature. The carbon concentration at surface increases with time. The iron sample did not start melting immediately after the carbon concentration at surface reached C S . For example, the sample at 1 580 K started melting at 198 s after the concentration reached C S at 612 s. Some incubation time seems to be required for melting. The incubation time is discussed in Sec. 4.3.
Results
In-situ Observation of Melting Behavior
Carbon Concentration Profile
The time dependence of carbon concentration at surface can be expressed by the following equation Table 3 . This formula is well fitted to the points as shown by the solid lines in Fig. 7. 
Discussion
Rate-determining Step
Generally for the reaction kinetics between CO gas and solid iron, it is necessary to consider three elementary steps such as: (a) CO gas supply, (b) interfacial reaction between CO gas and solid iron and (c) carbon diffusion in solid iron. Kaspersma et al., 3) Ye et al. 5) and Zhang et al. 7) suggested that the interfacial reactions at step (b) are expressed by where subscript ad expresses adsorbed species on iron. Zhang et al. 7) concluded that the carburization by CO gas below the eutectic temperature was controlled by both the diffusion in solid iron and the foregoing reaction (3).
In the present study, the first step (a) can be neglected from the rate-determining steps, because the CO gas flow rate did not affect the start time of melting as shown in Fig.  4 . The rate-determining step is determined based on the results in Fig. 6 . If the foregoing chemical reaction rate is fast enough and the carbon diffusion in g-iron controls the whole rate, carbon concentration at surface would be constant with time. On the contrary, if the carbon diffusion is much faster than the chemical reaction rate, the carbon concentration would be constant along the sample distance from surface. However, the obtained carbon concentration decreases with the distance and the surface concentration increases with time as shown in Fig. 6 . These facts indicate that the carburizing process is controlled by the mixed ratedetermining steps of the carbon diffusion in g-iron and the chemical reaction at the gas-solid interface.
Diffusion Coefficient of Carbon in g g-Fe
The diffusion coefficient of carbon in g-Fe, D, was calculated from the carbon concentration profiles using Fick's second law. The value of D was evaluated from the carbon concentration profiles such as shown in Fig. 6 by a curve fitting method with using values of C 0 and b. The obtained diffusion coefficients are tabulated in Table 3 . Reproduced carbon concentration profiles by using D are presented by the solid lines in Fig. 6 . The experimental results agree with the reproduced profiles, indicating that the above treatment on the diffusion is reasonable. Figure 8 shows the temperature dependence of D with the previous data reported by several investigators. [9] [10] [11] [12] [13] The diffusion coefficient was calculated by using least squares fitting as follows, where R is the gas constant, 8.314 J K Ϫ1 mol
Ϫ1
. Wells et al. 13) determined the diffusion coefficient of carbon in giron from 1 023 to 1 573 K, as a function of carbon concentration. The present data is in good agreement with their data, though it is assuming that the diffusion coefficient is independent of carbon concentration. The extrapolated values and the activation energies reported by Zhang et al. 7) and Gruzin 11) are in good agreement with the present study, indicating that diffusion mechanism of carbon in g-iron did not change over the wide temperature range. Smithells et al. 9) and Adda et al. 10) determined the diffusion coefficient of carbon in a-iron, which are one-order larger than the present results.
Mechanism of Melting by Carburizing in CO Gas
The mechanism of iron melting having the incubation time is discussed according to the analogous treatment to the heterogeneous nucleation theory.
16) The chemical driving force and the interfacial energy are required to generate a new heterogeneous boundary. The free energy change in a system, DG het , is expressed in terms of the volume free energy, DG v , and the surface tension of a (7) where r and M are density and molecular weights of iron, DG (8) where x i and a i are the mole fraction and activity of component i, respectively. The values of carbon activity were used from the previous reports 14, 15) and those of iron activity were calculated using Gibbs-Duhem equation. Therefore, the both values of DG M eq and DG M ss can be calculated as a function of the degree of supersaturation. The surface tension of liquid Fe-C was evaluated as 1.618 N m Ϫ1 at 1 664 K using previous data reported by Kawai et al. 17) When DG het have the maximum value, the critical radius, r*, is obtained by the following condition, Thus, r* is independent of the contact angle and can be calculated using Eq. (10) . Figure 9 shows the relations between r* and the degree of supersaturation at 1 486, 1 580 and 1 664 K. The degree of supersaturation is defined as the difference between the supersaturated concentration, C SS , and C S . The C SS is the carbon concentration when the radius of embryo is r* and melting get started.
The critical size of liquid formed by carburization can be estimated from the liquid phase suddenly appeared at the surface as shown in Fig. 5 . The average radius of the liquid, d, is 48 mm. Figure 10 illustrates a schematic diagram of a cross section of solid and liquid Fe-C in this situation.
Assuming that the embryo has the shape of a spherical cap on the solid iron and the contact angle is 20°, r* can be calculated as 141 mm. The contact angle was estimated using the surface tension of solid iron at 1 723 K and liquid iron at 1 808 K, and the interfacial tension between solid and liquid iron at 1 808 K, 18) because there is no data on the contact angle between solid and liquid Fe-C at temperatures in the present study. Consequently, the degree of supersaturation is estimated as 0.019 mass% at 1 664 K according to Fig. 9 .
In the present study, the incubation time explained in Fig.  7 is defined as the time required for the carbon concentration to reach the C SS at the beginning of melting from C S . The values of C SS can be estimated from Fig. 9 based on the calculated r* using the observed results such as shown in Fig. 5 at each temperature. The values of C 0 and b in Eq.
(1) were determined by fitting the experimental carbon concentration at surface before melting and C SS at the beginning of melting. Therefore, one may know the time required for reaching the C S by using Eq. (1). Subtracting the time for C S from that for C SS gives the incubation time. Table 3 shows the estimated incubation time, which reasonably agrees with the experimental result as shown in Fig. 7 .
Conclusions
The carburization mechanism of g-iron has been studied by in situ observation technique using the laser microscope in CO atmosphere with carbon activity of unity over a temperature range of 1 486 to 1 673 K, which is above the eutectic temperature of the Fe-C system. The obtained results are summarized as,
(1) The carburization in g-iron is controlled by the mixed rate-determining step, which consists of the carbon diffusion in g-iron and the chemical reaction at the gassolid interface.
(2) The diffusion coefficient of carbon in g-iron was determined as follows, . (3) The incubation time is necessary for melting iron by carburization, where the incubation time is the time required for the carbon concentration to reach the supersaturated concentration from the solidus concentration of carbon.
